Zaltsman JB, Heimel JA, Van Hooser SD. Weak orientation and direction selectivity in lateral geniculate nucleus representing central vision in the gray squirrel Sciurus carolinensis. J Neurophysiol 113: 2987-2997, 2015. First published February 25, 2015 doi:10.1152/jn.00516.2014.-Classic studies of lateral geniculate nucleus (LGN) and visual cortex (V1) in carnivores and primates have found that a majority of neurons in LGN exhibit a center-surround organization, while V1 neurons exhibit strong orientation selectivity and, in many species, direction selectivity. Recent work in the mouse and the monkey has discovered previously unknown classes of orientation-and direction-selective neurons in LGN. Furthermore, some recent studies in the mouse report that many LGN cells exhibit pronounced orientation biases that are of comparable strength to the subthreshold inputs to V1 neurons. These results raise the possibility that, in rodents, orientation biases of individual LGN cells make a substantial contribution to cortical orientation selectivity. Alternatively, the size and contribution of orientation-or direction-selective channels from LGN to V1 may vary across mammals. To address this question, we examined orientation and direction selectivity in LGN and V1 neurons of a highly visual diurnal rodent: the gray squirrel. In the representation of central vision, only a few LGN neurons exhibited strong orientation or direction selectivity. Across the population, LGN neurons showed weak orientation biases and were much less selective for orientation compared with V1 neurons. Although direction selectivity was weak overall, LGN layers 3abc, which contain neurons that express calbindin, exhibited elevated direction selectivity index values compared with LGN layers 1 and 2. These results suggest that, for central visual fields, the contribution of orientation-and directionselective channels from the LGN to V1 is small in the squirrel. As in other mammals, this small contribution is elevated in the calbindinpositive layers of the LGN motion; thalamocortical; thalamus; striate cortex; area 17; lateral geniculate body; lateral geniculate bodies
IN THE PRIMARY VISUAL CORTEX (V1) of all examined mammals, neurons exhibit orientation selectivity; that is, neurons exhibit a preferential response to stimuli (such as a bar of light) oriented at a particular angle Wiesel 1959, 1968; Girman et al. 1999; Ibbotson and Mark 2003; Van Hooser et al. 2005) . Neurons in primary visual cortex of some mammals exhibit selectivity for stimulus direction of motion or simply direction selectivity, which indicates that the cell exhibits a preferential response to stimuli moving in one direction across the cell's receptive field (Gilbert 1977; Orban et al. 1986; Hawken et al. 1988; Weliky et al. 1996) . In all mammals, the primary visual cortex receives projections from the retina via relay cells in the dorsal lateral geniculate nucleus (LGN) (Casagrande and Norton 1991) .
Retinal ganglion cells provide input to LGN and other structures. For many decades, it was believed that the overwhelming majority of retinal ganglion cells that project to the LGN exhibited a center-surround organization (Kuffler 1953) , while orientation-or direction-selective retinal ganglion cells (DSRGs) did not project to LGN and instead projected to the superior colliculus (Michael 1972; Semm 1978 ; but see Stewart et al. 1971) . Furthermore, classic studies in cat and monkey have shown that orientation selectivity and direction selectivity are much weaker in LGN compared with the primary visual cortex Wiesel 1959, 1963b; De Valois et al. 1982; Hawken and Parker 1984; Leventhal et al. 1995; Xu et al. 2002) .
Recent work, and previous work in rabbits (Swadlow and Weyand 1985) , has identified new populations of orientationselective or direction-selective LGN neurons in regions of the LGN that express calbindin (Marshel et al. 2012; Cheong et al. 2013; Piscopo et al. 2013; Scholl et al. 2013; Zhao et al. 2013; Cruz-Martin et al. 2014) . Some of these studies that were performed in mice have suggested that the overall orientation or direction bias provided to cortex might be different in mice compared with other species such as cats (Scholl et al. 2013; Zhao et al. 2013) . These studies leave open the question as to whether the average orientation or direction tuning in rodent LGN cells is larger than in other mammals or rather if there is merely a minority of cells that are well tuned for orientation and direction in the LGN of all or most mammals.
The gray squirrel provides an opportunity to examine the laminar organization of orientation and direction selectivity in LGN of a highly visual rodent (Kaas et al. 1972a,b; Jacobs et al. 1982; Blakeslee et al. 1988; Paolini and Sereno 1998) . Gray squirrels have relatively high acuity vision (Jacobs et al. 1982) and rely on vision for arboreal navigation and for predator avoidance. Importantly, they have a well-laminated LGN that features five layers that have been studied anatomically (Kaas et al. 1972b) , physiologically (Van Hooser et al. 2003) , and molecularly (Felch and Van Hooser 2012) .
Our results indicate that, in the central visual representation of the gray squirrel, orientation selectivity in the LGN is much weaker than the cortex and both structures exhibit only weak direction selectivity. While orientation selectivity did not vary significantly across the layers of the squirrel LGN, the differences in direction selectivity across the layers were significant.
Overall, orientation angle preference was evenly distributed for cells in both the squirrel visual cortex and LGN, and we observed no evidence of anisotropy of orientation preferences and retinotopic location. These results are inconsistent with the idea that orientation selectivity in the cortex is simply inherited from individual LGN cells. This computation likely requires an additional layer of computation, such as the elongated colinear projections of center-surround LGN connections to cortex that are posited in Hubel and Wiesel's original model, (Hubel and Wiesel 1963a; Reid and Alonso 1995; Mooser et al. 2004) or sharpening inhibition (Liu et al. 2010 (Liu et al. , 2011 .
MATERIALS AND METHODS
The orientation and direction data from squirrel LGN presented here have never been published previously and were collected at the same time as the data from Van Hooser et al. (2003) . We compare the tuning of LGN neurons to that observed in neurons in squirrel visual cortex by the same authors using the same software/hardware Van Hooser et al. 2005) and to that found in neurons in tree shrew LGN and V1 by one of the authors using the same software (Van Hooser et al. 2013) .
Surgical preparation. Adult gray squirrels of either sex weighting 475-700 g were prepared for single-unit recording using the methods described in Van Hooser et al. (2003) and Heimel et al. (2005) . In brief, animals were initially anesthetized with a mixture of ketamine and acepromazine maleate (90 mg/ml ketamine, 0.91 mg/ml acepromazine maleate, and 0.5 ml/kg initial dose im). A femoral vein was cannulated for intravenous infusion, and a tracheostomy was performed for artificial administration of isoflurane anesthesia for the remainder of the experiment (0.5-2.0% isoflurane in 50/50 oxygen/ nitrous oxide). Respiration was provided by a rodent ventilator, with a 5-ml stroke volume operating at 35-90 strokes/min, adjusted to keep end-tidal CO 2 at ϳ4%, measured with a Tidal Wave capnograph. The animal was mounted in a custom-made stereotaxic frame specifically designed to not obstruct frontal vision. Heart rate and the electroencephalogram (EEG) were recorded and displayed continuously. Rectal temperature was monitored and maintained at 38°C by a heating pad. Pupils were dilated with 1% atropine sulfate, contact lenses were inserted to prevent drying, and eyelids were held open with loose sutures. A small craniotomy was performed above the LGN (2 to 6.5 mm lateral from bregma and 0 to 5 mm posterior to bregma) or cortex (centered 3.5 mm lateral from begma, 6.5 mm posterior to bregma, 3 ϫ 3 mm window), the dura was resected, and the surface of the brain was digitally photographed for charting electrode penetration locations. Warm artificial cerebrospinal fluid was used to protect the brain and minimize pulsations; in cortex, 3% agarose was used instead of artificial cerebrospinal fluid. Intravenous infusion of neuromuscular blockers (10 mg/ml gallamine triethoiodide, 0.5 ml/h) was used to suppress spontaneous eye movements. After paralysis, heart rate and EEG were monitored carefully to ensure adequate anesthesia; isoflurane concentration was increased if spindle activity disappeared on the EEG or if the heart rate increased in response to a toe pinch. A mixture of 1% isoflurane was typically used to maintain the level of anesthesia. The location of the nasal bulb of each optic streak was charted after paralysis had taken effect. It was found that it was not necessary to adjust the focus of the eyes (Van Hooser et al. 2003) . All procedures were approved by the Brandeis University Animal Care and Use Committee.
The surgical preparation and anesthesia used were identical for the LGN and V1 neurons reported here. The experiments were performed sequentially in the same 15-mo period by the same experimenters (J. A. Heimel and S. D. Van Hooser) with the same software and hardware, so we expect any differences observed to reflect actual differences between LGN and V1 rather than methodological differences.
Visual stimulation. Visual stimulation was provided by a gammacorrected Samsung SyncMaster 900SL CRT monitor running customdeveloped stimulation software (Van Hooser et al. 2003) using Matlab (The MathWorks, Natick, MA) and the Psychophysics Toolbox (Brainard 1997; Pelli 1997) . Stimuli were shown at a distance of 57 cm from the eyes with a refresh rate of 120 Hz. The same software and hardware configuration was used for both LGN and V1 recordings.
Recording, data acquisition, and stimulation. The LGN was initially mapped with several penetrations using low-impedance microelectrodes (1 M⍀; WPI, Sarasota, FL) as described in Van Hooser et al. (2003) . Responses to handheld stimuli were mapped while monitoring neuronal activity on a loudspeaker. Layers 1 and 2 could be distinguished from layers 3abc because layers 1 and 2 typically gave very sustained responses, while layers 3abc were primarily transient. Transitions into and out of layers 2 and 3b were easily identified, as these layers respond to ipsilateral stimulation ( Figure 1A) . Typically, several penetrations were made to establish the locations of the different layers as accessed through the horizontal surface, which was photographed with a digital camera. For single unit recording, highimpedance microelectrodes (3-7 M⍀; Thomas Recording, Giessen, Germany; or FHC, Bowdoin, ME) were coated with Di-I to aid histological identification (Snodderly and Gur 1995; DiCarlo et al. 1996) and introduced to the brain. Signals were amplified ϫ10,000 with a headstage and amplifier (Multichannel Systems) and sampled digitally. A custom-developed multiple-window discriminator was used to isolate action potentials with Matlab (The MathWorks). After isolation of a cell and mapping of the receptive field with hand-held stimuli, a white noise grid was presented (Citron et al. 1981; Reid et al. 1997) . The reverse correlation of spike output and stimulus was calculated to find the center of the receptive field. Spots of varying diameter centered on the receptive field were presented in a pseudorandom order to determine whether the cell showed a center-surround organization. Responses were binned into 1-ms increments, and measures of peak firing rate, initial and peak latency, maintained firing rate, and transient time constant were obtained from the mean response to the spot stimulus as described previously. Orientation selectivity was assessed by examining responses to drifting gratings with different orientations. A spatial frequency of 0.1 cycles/°and a temporal frequency of 4 Hz were used. This combination was found to drive virtually all cells in the sample, as ϳ95% of LGN cells responded significantly to this combination, and spatial frequency tuning and temporal frequency tuning were not narrow for the majority of LGN cells (Van Hooser et al. 2003; see Figs. 10 and 11) . We report results here for the subset of cells that exhibited significant responses.
In the cortex, 21 penetrations that were roughly perpendicular to the cortical surface were recorded as described in Heimel et al. (2005) . Again, electrodes were coated with Di-I to improve histological identification. Receptive fields were mapped by hand on a tangent screen. Coarse orientation tuning curves were measured using sinusoidal gratings drifting in 12 equally spaced different directions. The stimulus comprised ϳ16 ϫ 16°of visual angle. Preliminary gratings had a spatial frequency of 0.2 cycles/°and drifted with a temporal frequency of 4 Hz. Stimulus conditions were pseudorandomly interleaved and shown five times. Between all stimuli presented, a gray background (luminance: 45 cd/m 2 ) was shown for at least 3 s. After spatial frequency and temporal frequency preferences were mapped, a fine direction tuning curve (with 16 equally spaced directions) was measured at the optimal spatial and temporal frequency.
For all cells, azimuth (RFx) and elevation (RFy) were measured relative to an imaginary line that began at the animal's nose and extended rostrally, directly in front of the animal.
Histology. After the experiment, histological sections were prepared as described previously for LGN (Van Hooser et al. 2003) and cortex Van Hooser et al. 2005) . In brief, a fluorescent Nissl stain (NeuroTrace) was used to identify the layers of the LGN, while traditional cresyl violet Nissl staining was used to identify the V1 layers. In LGN, histological records of the Di-I tracks were combined with information from the experiment, including electrode depth as measured by the manipulator, eye dominance, and the charted location of the electrode penetrations on the cortical surface to identify the laminar identity of each cell. In each case, the information in the histological sections agreed with our expectations from the mapping penetrations. In cortex, lesions (9 A, 3 s, tip negative) were used to mark locations along each electrode penetration. We used the lesion sites to calibrate the electrode manipulator readings to laminar positions in the cortex as in Hawken et al. (1988) .
Data analysis and statistics. Average firing rates (DC or F0 component) and response modulation at the drifting frequency (F1 component) were computed as described in Heimel et al. (2005) . In calculating index values, the F1 component was always used in the LGN. In the cortex, the F1 component was used if the cell's F1 response was greater than the mean response (F0), otherwise the F0 values were used (Movshon et al. 1978a,b; Heimel et al. 2005; Clemens et al. 2012) .
The orientation selectivity index was defined as 1 minus the circular variance (Ringach et al. 2002; Mazurek et al. 2014 ):
where k are the direction angles used for stimulation and R( k ) is the response to angle k (after subtraction of the spontaneous rate). Similarly, the direction selectivity index was defined but computed as 1 minus direction circular variance in direction space (GrabskaBarwinska et al. 2012; Mazurek et al. 2014 ):
To examine orientation-tuning widths, the mean responses were fit with two Gaussians following Carandini and Ferster (2000):
in which O is the drift direction, R 0 is the nonselectivive response, R p is the response to the preferred direction O p , R n is the response to the opposite drift direction, 2 is a tuning width parameter, and Ang() represents angular values modulo 180°. The mean response (F0) and modulated response (F1) were fit together and ͙ log͑4͒ was taken to be the half-width at half height (HWHH) . The fitting procedure is described in full in Mazurek et al. (2014) .
RESULTS
Because the gray squirrel is a relatively uncommon model system, we will first briefly outline the anatomy and physiology of LGN and V1 in this species.
Functional organization of LGN and V1 in the gray squirrel. In the gray squirrel, the LGN consists of five layers that receive alternating innervation from the two eyes (Kaas et al. 1972b ; Fig. 1 ). Layers 1, 3a, and 3c receive input from the contralateral eye while layer 2 and 3b receive input from the ipsilateral eye. The layers are arranged from rostromedial to caudolateral, with layer 1 being the most rostral and medial layer and layer 3c being the most caudal and lateral, bordering the optic tract.
A previous physiological study of squirrel LGN identified three functional classes of neurons, termed X-like, Y-like, and W-like cells (Van Hooser et al. 2003) . X-like cells were identified in LGN layers 1-2, while LGN layers 3abc contained Y-like and W-like cells. All layers of the gray squirrel LGN express the calcium-binding protein parvalbumin, while only layers 3abc express the calcium-binding protein calbindin ( LGN layers 1-2 project strongly to the center of V1 layer 4 as well as to V1 layer 6.
LGN layers 3abc project strongly to the inferior and superficial boundaries of V1 layer 4, as well as to V1 layers 2/3 and 6 (Harting and Huerta 1983) . C: anterior section of LGN stained with fluorescent Nissl. The electrode track (Di-I, red) is in layer 2 (an ipsilateral layer). D: Nissl stain of squirrel V1 with lesion from electrode track.
which is a marker for koniocellular/W-relay cells in primates (Johnson and Casagrande 1995) , tree shrews (Diamond et al. 1993) , squirrels (Van Hooser et al. 2003) , and mice (Grubb and Thompson 2004) . In squirrels and other mammals, koniocellular/W-cell-rich LGN layers receive projections from the superior colliculus and project to the superficial layers of visual cortex (Fitzpatrick et al. 1983; Harting and Huerta 1983; Usrey et al. 1992; Boyd and Matsubara 1996) .
LGN layers 3abc in squirrel share some features of the dorsolateral shell of the mouse lateral geniculate nucleus. The dorsolateral shell in mouse LGN also has a subpopulation of calbindin-positive neurons (Grubb and Thompson 2004) , receives input from the superior colliculus (Grubb and Thompson 2004) , and projects to the superficial layers of cortex (Cruz-Martin et al. 2014) . Previous mouse LGN studies that have employed imaging or histology have noted that this dorsolateral region of mouse LGN contains orientation-and/or direction-selective cells (Marshel et al. 2012; Piscopo et al. 2013; Cruz-Martin et al. 2014) .
The gray squirrel primary visual cortex (V1) is divided into a lateral binocular zone that mediates the central 30°of vision in each hemisphere and a medial monocular zone (Hall et al. 1971; Kaas et al. 1972b) . We recorded cells primarily in this binocular region, as it is the most highly represented space in the LGN and primary visual cortex (Kaas et al. 1972b) . As in other mammals, the gray squirrel visual cortex has six layers. No cells were recorded in layer 1, but the sample was otherwise well distributed across the cortical layers .
The comparison of orientation and direction selectivity across LGN and cortex provides an advantage for interpreting results in LGN. The mere act of sampling noisy neural responses means that the empirical orientation or direction selectivity that is calculated for any given cell will be greater than zero (Mazurek et al. 2014) . The empirical index values calculated for the LGN provide a baseline for interpreting values that are observed in the cortex.
Orientation selectivity and direction selectivity are weak in squirrel LGN. Using sinusoidal drifting gratings, we examined the orientation and direction selectivity of 165 neurons in the LGN and 161 neurons in V1 (see Table 1 ). We first compared orientation selectivity values in squirrel LGN and V1 (Fig. 2) .
Representative tuning curves for LGN and V1 neurons are shown in Fig. 2, A and B. Orientation selectivity index values (1 Ϫ circular variance) in the LGN were significantly lower than those in V1 ( Fig. 2C ; P Ͻ 0.001, Kruskal-Wallis test). Orientation selectivity was quite weak in our LGN sample; the median orientation selectivity index value was 0.11, with a standard deviation of 0.11. Very few neurons in the LGN exhibited high orientation selectivity values.
LGN cells exhibited significantly broader tuning (HWHH) than V1 neurons (P Ͻ 0.01, Kruskal-Wallis test).
At the population level, both squirrel LGN and V1 exhibited very weak direction selectivity index values (1 Ϫ circular variance in direction space). The median direction selectivity index value (1 Ϫ circular variance in direction space) for cortical neurons was 0.08, with a standard deviation of 0.13, while LGN neurons had a median direction selectivity index value of 0.09, with a standard deviation of 0.10 (Fig. 2C, right) . While selectivity was low overall, individual example cells did exhibit substantial tuning (as in mice).
Another way to examine the differences in orientation selectivity across LGN and V1 is to perform discriminability analysis: given a population of N LGN and N V1 neurons, how well could an observer identify which population was from LGN and which was from V1? The LGN/V1 discriminability curve (1,000 simulations for each value of N) is shown in Fig.  2D . The curve indicates that the LGN and V1 populations are easily discriminated: the recorded structure can be identified with Ͼ90% accuracy by examining just three neurons.
Laminar analysis of orientation and direction selectivity. Next, we examined orientation selectivity values across the layers of squirrel LGN and V1 (Fig. 3) . Previous studies have shown that orientation selectivity does not vary significantly across the layers of cortex in squirrel ; Kruskal-Wallis, P ϭ 0.42). Here, we found that orientation selectivity values were weak and did not vary significantly across the layers of the LGN (P ϭ 0.43).
Although direction selectivity index values are relatively low in V1, there are differences in direction selectivity across the cortical layers, as previously described ). V1 layer 6 exhibits increased direction selectivity compared with the other layers. Figure 4 shows direction selectivity across the layers of squirrel LGN and V1. We find that direction selectivity also varied across the layers of the LGN. Although selectivity values are weak overall, using a KruskalWallis test (and excluding the lone cell categorized "3b or 3c"), we found that the small differences in direction selectivity across the layers in squirrel LGN were significant (P Ͻ 0.039) and that layers 3abc exhibit increased direction selectivity compared with layers 1 and 2.
The previous analyses showed that there were a handful of LGN cells that exhibited a strong bias for stimulus orientation or direction, but they do not allow us to distinguish the fraction of orientation-selective cells that also exhibit direction selectivity. Because we have used moving gratings to assess selectivity, all direction-selective cells are by definition orientation selective. Figure 5 shows a scatter plot of orientation selectivity and direction selectivity for cells in squirrel LGN. We observed a variety of response types, including cells with high orientation selectivity but low direction selectivity and vice versa. Retinotopic location. While orientation (and direction) selectivity index values were low overall, there remained the possibility that certain orientations or directions were overrepresented in certain portions of the visual field, such that a particular region of the visual field might exhibit significant selectivity. For example, in the mouse, vertical orientations are overrepresented in the LGN (Zhao et al. 2013) , and, in the rabbit, direction-selective retinal ganglion cells are more common in the region that represents the superficial visual field (Swadlow and Weyand 1985) . If there were regional orientation biases, and they corresponded between LGN and cortex, then it might be possible that cortex could directly inherit its orientation selectivity from biased LGN cells in that particular region and there might be no need to imagine other mechanisms for determining orientation selectivity. We therefore looked for a potential bias in the angle preference in orientation space for the squirrel LGN and squirrel visual cortex. Overall, angle preference was evenly distributed in orientation space for cells in both the squirrel visual cortex and squirrel LGN ( Fig. 6A ; both P Ͼ 0.1, Rayleigh test for circular nonuniformity). Further, we also examined the distributions of preferred angle vs. retinotopic field position (RFx and RFy, azimuth and elevation, respectively) for the LGN and cortex, and we observed no evidence of anisotropy of orientation preferences and retinotopic location for the locations sampled (Fig. 6, B and C) . In a separate analysis (not shown), we also determined that the measured orientation preferences in these central LGN cells did not exhibit an anisotropy with respect to the radial angle of the receptive field as measured from either the optic disk (Rayleigh test, P ϭ 0.65) or the front of the animal (Rayleigh test, P ϭ 0.28), similar to central retinal ganglion cells in the cat (Levick and Thibos 1980) . The lack of a systematic relationship between orientation preferences of LGN cells and cortical cells recorded at the same receptive field location suggests that the orientation selectivity that is observed in the cortex is unlikely to be exclusively inherited from individual LGN cell response properties.
Orientation selectivity across visual processing stages. To better understand the development of visual processing from LGN to cortex and how this varies across mammals, we compared the orientation tuning curves in the neurons of the visual cortex and the neurons of the LGN for the gray squirrel and tree shrew (Fig. 7) using a figure format that is similar to a recent comparison of these transformations in the mouse and , and 80th percentile values for orientation selectivity that we observed in the study. B: Same, for V1. C: box plot of orientation selectivity and direction selectivity. Cells in the squirrel visual cortex exhibited a wider range of orientation selectivity values than cells in LGN, the average orientation index values were higher (P Ͻ 0.001, Kruskal-Wallis test), and orientation tuning width among cells with some tuning (ANOVA P Ͻ 0.05) was higher in cortex. Direction selectivity ranges were similar for the visual cortex and LGN; both exhibited weak direction selectivity (P ϭ 0.32). D: discriminability of LGN and V1 by orientation: or how well could one distinguish the LGN from V1 if one examined N cells from each group, unlabeled? Even with a single cell, one would be able to distinguish LGN from V1 with over 80% accuracy, indicating that the populations are quite distinct in terms of orientation selectivity index.
cat (Scholl et al. 2013, their Fig. 8 for summary data) . The tree shrew data were taken from a recent study (Van Hooser et al. 2013) . Both squirrels and tree shrews exhibit relatively poor tuning for orientation in LGN and exhibit a large transformation in orientation selectivity from LGN to cortex. In the case of the tree shrew, the emergence of orientation selectivity does not occur in layer 4 (the primary recipient layer of LGN input) but rather in layer 2/3 (Humphrey and Norton 1980; Chisum et al. 2003) . In squirrel, both subthreshold membrane potential response (see Fig. 7B , reproduced from and spiking responses in cortex exhibit stronger orientation tuning than in LGN cells. This provides further evidence consistent with the idea that orientation selectivity in the cortex is not simply inherited from the LGN but rather requires some additional steps, such as an elongated patterning of LGN connections to cortex (Hubel and Wiesel 1963a; Reid and Alonso 1995) , a threshold nonlinearity (Carandini and Ferster 2000; Finn et al. 2007; Priebe and Ferster 2012) , or intracortical processing (Somers et al. 1995; Liu et al. 2011 ). In the tree shrew, orientation selectivity increases dramatically in layer 2/3 via a process known to involve elongated patterned connections from layer 4 (Mooser et al. 2004 ).
DISCUSSION
In this study, we compared orientation and direction selectivity of LGN cells to that found in primary visual cortical neurons of the gray squirrel. We found that orientation selectivity index values for cells in the central visual representation of gray squirrel LGN were significantly lower than those of cells in the gray squirrel visual cortex, with no significant variation across the layers in both the LGN and the cortex. The distributions in direction selectivity values were not significantly different between cells in the LGN and visual cortex; both exhibited weak values. The small differences in direction selectivity across the layers in the squirrel LGN were significant, with layer 3abc exhibiting modestly increased direction index values. Overall, angle preference was evenly distributed in orientation space for cells in both the squirrel LGN and squirrel visual cortex, and we observed no evidence of anisotropy of orientation preferences and retinotopic location for the locations sampled.
Orientation selectivity in LGN: are there major differences across species? Classic studies in the cat and primate LGN identified center-surround neurons of various subtypes, such as sustained and transient, or brisk and sluggish (Hubel and Wiesel 1961; Wiesel and Hubel 1966; Cleland et al. 1971 Cleland et al. , 1975 Wilson et al. 1976 ). Further studies have found evidence for orientation and direction biases in both retinal ganglion cells and LGN neurons in cats (Leventhal and Schall 1983; Shou et al. 1995; Zhou et al. 1995) and primates (Lee et al. 1979; Smith et al. 1990; Xu et al. 2002; Cheong et al. 2013) . Although some individual neurons in these samples exhibit remarkably strong orientation or direction selectivity (including our own sample), the average amount of selectivity observed in LGN is much less than is found in the primary visual cortex.
Four recent studies in the mouse LGN have identified orientation-selective responses (Marshel et al. 2012; Piscopo et al. 2013; Scholl et al. 2013; Zhao et al. 2013) . Some of these studies only found that a small minority of cells exhibit strong orientation selectivity cells (Marshel et al. 2012; Piscopo et al. 2013 ), but Scholl et al. (2013) noted that the amount of orientation selectivity that was observed across the population was similar to the orientation selectivity of subthreshold inputs to mouse visual cortex. Zhao et al. (2013) percentage of orientation-biased cells and further went on to show that these orientation biases existed in the mouse retina and persisted even if primary visual cortex was inactivated, which suggests that these orientation biases are not propagated back to the LGN from the cortex. Our squirrel data are more consistent with the idea that there is a minority of cells that exhibit some orientation or direction selectivity but that these are relatively rare; we do find a few individual cells that are highly selective for orientation, but on a population basis the orientation selectivity in LGN is much weaker than that observed in V1.
We did not find any evidence of an anisotropy in the orientation that gave the maximum response for each cell, whereas the mouse exhibits a vertical bias (Zhao et al. 2013) . The fact that qualities of orientation selectivity differ between squirrel and mouse likely reflects the very different ecological niches that are inhabited by squirrels and mice: squirrels are arboreal and depend on vision for navigation and predator avoidance, while mice are nocturnal, burrowing animals. These differences can serve as a reminder that there is no "typical" rodent visual organization; instead, rodents are the most diverse mammalian order, comprising fully 40% of all mammalian species.
Diversity of retinal and LGN direction selectivity across mammals and across the visual field: should we expect all mammals to have a large LGN direction-selective channel?
The prevalence of retinal cell types varies greatly across mammals. For example, while the gray squirrel exhibits a rod to cone ratio of 40/60, the tree shrew has a ratio of 5/95, and the cat exhibits a ratio of Ͼ95/5 (Steinberg et al. 1973; Ogden 1975; West and Dowling 1975; La Vail 1976; Schneider and Zrenner 1986; Muller and Peichl 1989; Wikler et al. 1990 ). This variability extends to the fraction of direction-selective cells. Among rodents and lagomorphs the percentage of DSRGs is relatively high. In the gray squirrel (Blakeslee et al. 1985) , mouse (Sun et al. 2002; Weng et al. 2005) , and rabbit (Barlow et al. 1964; Swadlow and Weyand 1985) ϳ10, 22, and 15-41% of retinal ganglion cells have been classified as direction-selective, respectively. By contrast, only ϳ1% of retinal ganglion cells in the cat have been classified as direction selective (Cleland and Levick 1974) , and direction-selective cells appear to be very rare in the macaque retina, if they exist (De Monasterio and Gouras 1975) .
In the rabbit and the squirrel, the distribution of DSGCs varies across the visual field. Centrally, both squirrels and rabbits have relatively few DSGCs (Blakeslee et al. 1985; Swadlow and Weyand 1985) , but this percentage increases as one moves to the periphery. In rabbits, this has been quantified: centrally, ϳ10% of optic tract fibers exhibit direction selectivity, while this percentage increases to ϳ20% as one moves Ͼ20°above the horizon (Swadlow and Weyand 1985) . The percentage of direction-selective neurons in LGN is related to the values in the optic tract, except that, centrally, there are almost no direction-selective LGN cells, while the percentage increases to ϳ20% in the periphery (Ͼ20°above the horizon) (Swadlow and Weyand 1985) . Similarly, in the mouse, Piscopo et al. (2013) found that the fraction of orientation-selective or direction-selective LGN neurons was relatively low in the central visual field and increased out towards the periphery.
These differences in abundance of orientation-selective and direction-selective cells across animals and across the visual field likely means that the contribution of a retinally derived orientation-or direction-selective channels to LGN varies from species to species and across the visual field. Animals that have few direction-selective retinal ganglion cells would likely have very few direction-selective LGN cells.
There are differences in the prevalence of orientation-and direction-selective cells between LGN and cortex in the central visual field across species. Just as the composition of retinal and LGN cells varies across mammals, so too does the orientation and direction selectivity that is found in visual cortex. Nearly all cells in cat visual cortex exhibit strong tuning for stimulus orientation (Hubel and Wiesel 1963a; Gilbert 1977) , and more than two-thirds of cells exhibit substantial tuning for direction (Gilbert 1977) . The intensity of this direction tuning in cat visual cortex varies across the cortical surface, according to location within the cortical direction map (Weliky et al. 1996; Ohki et al. 2005) . In the monkey, cells in certain layers exhibit strong tuning for direction, but direction selectivity is not present in all cortical layers (Orban et al. 1986 ; Hawken et al. 1988). Mice and rabbits exhibit both abundant orientation and direction selectivity in the visual cortex, particularly in layer 4 and layer 2/3 (Niell and Stryker 2008; Rochefort et al. 2011; Hei et al. 2014) , while squirrels and tree shrews show strong orientation tuning but relatively weak direction selectivity Van Hooser et al. 2005 . The prevalence of cortical orientation and direction selectivity across animals does not correlate well with the prevalence of orientation-and direction-selective cells in LGN. Cats and monkeys exhibit very few direction-selective retinal ganglion cells or LGN neurons, yet in the cat most V1 neurons are selective for both orientation and direction. In the central visual field of the rabbit, there are few direction-selective LGN neurons, yet there are abundant direction-selective cortical neurons (Hei et al. 2014 ). This evidence is consistent with the idea that cortical direction selectivity arises in cortical circuits in species that exhibit a high percentage of direction-selective cells in the cortex.
The lack of a clear correlation between orientation and direction selectivity in the LGN and cortex begs the question of whether orientation-and direction-selective LGN cells provide input to orientation-and direction-selective cells in cortex. A recent beautiful study using synaptic tracers has shown that direction-selective LGN cells in the mouse do provide input to neurons in the superficial layers of mouse cortex (Cruz-Martin et al. 2014 ), so they are in a position to confer direction selectivity onto superficial cortical neurons. However, there are two lines of circumstantial evidence that make it unlikely that all or most direction selectivity in the cortex is derived from LGN. First, direction-selective V1 cells are found in central regions in mouse and rabbit, whereas there are few directionselective LGN cells in this region (Swadlow and Weyand 1985; Piscopo et al. 2013) . Second, in both the mouse and the rabbit, direction-selective LGN cells do not respond in a linear manner to grating stimulation, yet the direction-selective cortical neurons in layer 4 are quite linear (simple cells) (Niell and Stryker 2008; Piscopo et al. 2013; Hei et al. 2014) .
The question of how orientation selectivity arises in rodent visual cortex is still open (Scholl et al. 2013) . In cats and tree shrews, orientation-selective cortical neurons receive inputs from unselective cells that have colinear receptive fields; in the cat, these unoriented cells are in the LGN, and in tree shrew they are in layer 4 (Reid and Alonso 1995; Mooser et al. 2004) . Orientation selectivity in the central representation of gray squirrel LGN is quite weak, and orientation selectivity in V1 is much stronger, suggesting that orientation biases in individual LGN neurons do not contribute strongly to cortical orientation selectivity in squirrel, in contrast to what has been suggested by some in the mouse (Scholl et al. 2013; Zhao et al. 2013) . It remains unclear whether the additional processing that is required in squirrel involves colinear feed-forward input from LGN cells (Reid and Alonso 1995; Lien and Scanziani 2013) , inhibitory sharpening of biases within the cortex (Ben-Yishai et al. 1995; Somers et al. 1995; Liu et al. 2009 Liu et al. , 2011 , or a combination of these mechanisms.
Support for orientation and direction selectivity and the koniocellular/W-cell pathway. In the marmoset, orientationselective neurons have been found in the koniocellular layers of the LGN, which project to superficial cortex. In the mouse, orientation-and direction-selective neurons are concentrated in the "outer shell" of the LGN, adjacent to the optic tract (Huberman et al. 2009; Marshel et al. 2012; Piscopo et al. 2013; Cruz-Martin et al. 2014) . In squirrel, we found slightly increased direction selectivity in layers 3abc. Previous studies have shown that these layers contain W cells (Van Hooser et al. 2003 ) that express calbindin (Felch and Van Hooser 2012) , which is a marker for the koniocellular pathway in some species (Diamond et al. 1993) , and project to the superficial layers (Harting and Huerta 1983) . This evidence is consistent with the idea that the direction-biased neurons that are present in squirrel LGN are members of the koniocellular/W-cell class.
Conclusion. Among mammals as a whole, there is clear evidence of orientation-and direction-selective channels from retina to LGN to cortex, but the size of this pathway likely varies from species to species, even among rodents. In all mammals, there is evidence linking these cells to the koniocellular/W-cell pathway (Cheong et al. 2013; Cruz-Martin et al. 2014 ; but see Xu et al. 2002) . Mice seem to exhibit a higher fraction of these orientation-selective and direction-selective LGN cells than other species, although the number of neurons that implement these channels in all mammals may increase in the periphery, as it does in rabbit and mouse. In central vision in monkeys, cats, squirrels, and tree shrews, the fraction of orientation-and direction-biased cells in LGN appears to be relatively small.
